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Abstract
We assessed the abundance of microplastics (0.2–5 mm) in drift line sediments from three sites in Kiel Fjord,Western Baltic Sea.
The first site is intensively used by beach visitors, the second is in close proximity to a sewage plant and the third is polluted with
large-sized plastic litter. Samples were split into three grain size classes (0.2–0.5, 0.5–1, 1–5 mm), washed with calcium chloride
solution, and filtered at 0.2 mm. Filters were then visually inspected, and a total of 180 fragments was classified as microplastics,
of which 39% were analyzed using Raman spectroscopy. At the site that is close to a sewage plant as well as at the site with
intense beach use, 1.8 and 4.5 particles (fibers plus fragments) per kg of dry sediment were found, respectively, while particle
abundances reached 30.2 per kg of dry sediment at the site with high litter loads. Our data suggest that the fragmentation of large
plastic debris at site seems to be a relevant source for microplastics in Western Baltic Sea beach sediments.
Keywords Microplastics . Beach sediment . Western Baltic Sea . Raman spectroscopy . Beach use . Sewage plant . Grain size .
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Introduction
The global production of plastics has increased from 1.7 mil-
lion tons in 1950 (PlasticsEurope 2012) to 359 million tons in
2018 (PlasticsEurope 2019). The material has become omni-
present in daily life, e.g., as packaging or construction mate-
rials or in clothes, and it became a substantial part of our
garbage. After several decades of plastic litter release into
the marine environment, the negative effects of this pollution
on marine wildlife, e.g., through ingestion, entanglement, and
intoxication, have been described by studies on various taxo-
nomic groups (Gall and Thompson 2015; Worm et al. 2017).
Fur thermore , the poten t ia l t rophic t ransfer and
bioaccumulation of plastic through the marine food web could
ultimately also affect human consumers (Worm et al. 2017).
Estimations suggest that between 4.8 and 12.7 million tons of
plastic litter entered the oceans in 2010 (Jambeck et al. 2015),
while 60% of this load are supposed to have reached the open
ocean due to the influence of surface currents and winds
(Maximenko et al. 2012; Lebreton et al. 2012). The remaining
share is deposited along the coastlines of continents and
islands, where a presumably large but still not quantified part
of the debris gets fragmented by photolysis, thermal oxida-
tion, hydrolysis, biodegradation, or mechanical fragmenta-
tion. By this, it turns into secondary microplastics (Browne
2015; Dümichen et al. 2017).
In addition to this, primary microplastics pollute the marine
environment, which are, for example, beads that serve as
scrubbers in cosmetics or in sandblasting, or pre-production
pellets (Andrady 2011; Fendall and Sewell 2009).
Microplastics in the marine environment have been found
at the sea surface, in the water column, in sediments, and even
in sea ice (Thompson 2015). Sediments are presumably the
ultimate sink for microplastics, since also particles that initially
have positive buoyancy get colonized by bacteria and eukary-
otes or they get embedded in fecal pellets and, as a conse-
quence, can sink to the sea floor (Cole et al. 2016). Sediments
that contain microplastics were found at beaches in the sub- as
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well as in the intertidal, in rivers, in estuaries, and in the deep
sea (Hanvey et al. 2017). However, previous findings are diffi-
cult to compare as they are based on different sampling, extrac-
tion, and identification techniques and also considered different
particle size ranges. Furthermore, the quantification of the abun-
dance of microplastics was not uniform and the studies most
often lack temporal or spatial resolution. Due to these shortcom-
ings, we still have a substantial lack of information about the
pollution of our coasts and seas with microplastics (Hanvey
et al. 2017). This also applies to the Baltic Sea.
In this sea area, studies on particle concentrations in the
water column or at the water surface were carried out in the
main Baltic Proper basins (Bagaev et al. 2018; Beer et al. 2018),
in Denmark (Tamminga et al. 2018), in Sweden (Gewert et al.
2017; Schönlau et al. 2020), in Russia (Zobkov et al. 2019), in
Germany (Ory et al. 2020), and in the Gulf of Finland (Ojaveer
et al. 2013; Talvite et al. 2015; Setälä et al. 2016). Seafloor or
beach sediments were investigated in Finland (Talvite et al.
2015; Näkki et al. 2019), Russia (Zobkov and Esiukova
2017; Esiukova 2017; Chubarenko et al. 2018; Esiukova et al.
2020), Lithuania (Chubarenko et al. 2020; Esiukova et al.
2020), and Germany (Stolte et al. 2015; Hengstmann et al.
2018) as well as along the Polish coast (Graca et al. 2017;
Urban-Malinga et al. 2020). Due to their dynamic character,
beach sediments could not only serve as a sink (Chubarenko
et al. 2018) but also as a source (Critchell and Lambrechts
2016) for microplastics in coastal seas and, because of their
large spatial extension, can store substantial amounts of small-
sized plastic debris. Van Cauwenberghe et al. (2013), for ex-
ample, calculated that a load of 13 micro-sized particles per
kilogram of dry sediment corresponds to a total particle load
of 2.1 × 107 along a beach of 100 m in length and 250 m in
width, even when considering only the upper 5 cm of the sed-
iment layer (Van Cauwenberghe et al. 2013).
Beaches are an interface at which humans come in direct
contact with marine microplastics. As microplastics may also
have negative impacts on human health (Prata et al. 2020), the
interest of beach users, tourists, and tourism managers, in par-
ticular in the southwest Baltic Sea region, in this type of envi-
ronmental pollution is generally high. Furthermore, according
to the European Marine Strategy Framework Directive, marine
litter (which also comprises microplastics) is a descriptor for the
ecological status of water bodies (EU 2008; EU 2010). Thus,
assessing the abundance of microplastics in coastal environ-
ments is of importance for environmental managers.
Additionally, the southwest Baltic Sea including the Kiel
Fjord comprises important spawning grounds for ecologically
and economically important fish species (Hüssy 2011; Polte
et al. 2013). Microplastics in beach sediments, which are a part
of the sea-land interface, can therefore potentially also affect
marine species. We provide first data from an embayment in
the Western Baltic Sea that is heavily used for water sports and
tourism and that experiences intense ship traffic.
Materials and methods
Sampling sites
Three sites at a distance of ~ 6 km to each other were sampled
along the western shore of the Kiel Fjord, Western Baltic Sea,
between September 24 and October 3, 2016, to inspect drift
line sediments for the presence of microplastics (Fig. 1). Kiel
Fjord is a mesohaline inner coastal water body with salinities
ranging from 2.6 to 22.4 with a mean of 14.3. Temporal var-
iability in salinity originates from the influx of saline waters
from the North Sea and of brackish waters from the eastern
Baltic Sea. The Kiel Fjord is, at its mouth, about 6 km wide,
while it is 15 km long. Its average water depth is 10 m
(Schröder et al. 2014). At approximately half of its length,
the Schwentine River with a catchment area of 722.55 km2
and an annual mean discharge of 202million m3 flows into the
fjord, which has a total shoreline length of approximately
34 km (Landesbetrieb für Küstenschutz, Nationalpark und
Meeresschutz Schleswig-Holstein 2015). The city of Kiel
with 249,000 inhabitants is surrounding the fjord along
26.5 km of its shoreline, while the other shore areas are occu-
pied by beaches, which are frequently used by locals and by
tourists. Furthermore, they accommodate marinas, industrial
sites, shipyards, and naval harbors.
The most northern of the three sampling sites was located
near the outlet of the Bülk sewage treatment plant (54° 27′
26.48″N; 10° 11′ 20.33″ E). The plant is treating waste waters
from 370,000 households in Kiel and its vicinities, which all
together have an annual volume of approximately 19 million
m3. The cleared waters are released into the Baltic Sea by a
pipeline, which is 1040 m in length and which leads perpen-
dicularly away from the shore. The Y-shaped end of the pipe-
line is facing northwards. The second sampling site was locat-
ed in Falckenstein (54° 24′ 14.68″N; 10° 11′ 32.05″ E), which
is a popular, east-ward facing beach destination in the outer
part of the Kiel Fjord. The third and most southern sampling
site was at the east-ward facing Tirpitzmole (54° 21′ 11.47″N;
10° 8′ 27.84″ E), where a short strip of sandy sediment is
located between a naval base and a marina. Because of its
protected position, a large amount of flotsam accumulates here
(Kevin Schröder, personal observation). The predominant
wind direction in the Kiel Fjord area during the sampling
period (September to October 2016) is shown in Fig. 2.
Sediment sampling
Sediment samples were collected with a metal shovel covering
a quadratic area of approximately 0.4 m2 down to a depth of
4–6 cm, since more than 50% of the present microplastics are
usually found in the upper 5 cm of the sediment (Carson et al.
2011). Furthermore, samples were taken at the drift line, i.e.,
the area close to the water line where debris accumulates.
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Since the Baltic Sea exhibits a tidal range of only 20 cm,
fluctuations in the water level and in the location of the drift
line along the shores of Kiel Fjord are mainly wind-driven
(Healey et al. 2002). The average water level amplitude in
the fjord during the course of a year is 2.45 m (WSV 2018),
while during the sampling period in 2016 the water level fluc-
tuated by 1.20 m.
During sampling, short-sleeved clothes made of cotton
were worn, with the exception of the sampling at
Tirpitzmole, where, due to the weather conditions, a rain jack-
et made of 100% black nylon was needed.
At each study site, one sediment sample was collected at
one spot and sieved using seawater, which was pre-filtered
through a 0.063-mm stainless steel sieve, into three grain size
classes: 0.2–0.5 mm, 0.5–1 mm, and 1–5 mm, until a total wet
weight (including size classes 0.2–5 mm) of approximately
5 kg was reached. The three grain size fractions were stored
in separate glass jars, while grain sizes smaller than 0.2 mm
were discarded.We used analytical sievesmade from stainless
steel that were stacked with the coarsest sieve on top to facil-
itate the process. Furthermore, the stacked sieves were
mounted to a tripod to improve their handling and we placed
this construction at the water line. Sediment samples were
then transported to a nearby laboratory for density separation
(see below). After the density separation was completed, the
mineral fraction of the samples was rinsed with fresh water to
remove the salt and subsequently dried for at least 72 h at
60 °C until weight consistency was achieved. To estimate
the sediment content below 0.2 mm at the three sampling
locations, five sediment samples with a mean (± sd) dry
weight of 395 g ± 22 g were collected in December 2019 at
the drift line at each site. Subsequently, a grain size analysis in
Fig. 1 Locations of the three
sampling sites along the western
shore of the Kiel Fjord, Western
Baltic Sea. Potential sources for
microplastics such as harbors,
terminals, beaches, and
waterways within Kiel Fjord are
displayed. The green shaded area
represents the city area of Kiel (©
OpenStreetMap contributors
2018)
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¼ phi intervals by mechanical dry sieving according to the
ASTM standard (American Society of Technical
Measurements) was performed for each sediment sample.
This information was used to determine the total dry weights
(including all size fractions) of the sediment samples that were





with x representing the dry mass of the sediment sample with-
out the fraction below 0.212 mm (in gram) and y being the
percentage share of the fraction below 0.212 mm as assessed
in the grain size analysis.
Results of the grain size analysis were classified according
to Folk (1954) to identify the sediment type. Statistical
parameters were calculated on the basis of the grain size dis-
tribution of Wentworth (1922). Sediment classification and
statistics are shown in Table 1. Grain size analysis was per-
formed in GRADISTAT (version 8.0), a grain size distribu-
tion and statistics software for Microsoft Excel (Blott and Pye
2001). Grain size distribution plots for each sampling location
are included in Online Resource 1.
Density separation with calcium chloride solution
Calcium chloride (CaCl2) was used for the density separation
in order to separate synthetic fibers and fragments from the
mineral fraction of the sediment. The salt is inexpensive and
environmentally friendly. We produced the salt solution by
dissolving the salt in deionized water under permanent stirring
at 20 °C. The density of the solution was measured with an
aerometer and its initial density was 1.42 g/cm3. However,
during sample processing, the density of the solution occa-
sionally dropped to a minimum of 1.34 g/cm3, depending on
the water content in the sediment samples and on sample
mass. Solution density was then re-adjusted to 1.4–1.42 g/
cm3 by adding CaCl2 after sample processing. Sediment sam-
ples from the different sites as well as the different size frac-
tions from each of the sites were processed separately. For
each density separation, a maximum of 1 kg of sediment
was mixed with 1 l of CaCl2 solution in an Erlenmeyer flask.
This was the maximum ratio of sediment to CaCl2 solution
that still allowed an effective ventilation of the mix during the
separation. On average, 629 (± 290) g of sediment were filled
into one Erlenmeyer flask and mixed with 1 l of CaCl2 solu-
tion. Sediment size fractions that exceeded 1 kg in wet weight
were distributed to more than one Erlenmeyer flask and mixed
with 1 l of CaCl2 solution per flask. The resulting suspensions
were ventilated for a total of 40 min, and the flasks were
rotated every 10 min by 90°. This was done to ensure that
all the sediment in the flasks was whirled up by the air stream.
Thereby, organic particles or microplastics were separated
from the heavier sediment and were brought into suspension.
After 40 min, we let the suspensions rest for 15 to 18 h. After
this period, the supernatants were carefully sucked into a
washing bottle by the use of a vacuum pump. Subsequently,
they were then filtered with a 0.2-mm polyester round filter,
which was placed in a Büchner funnel that was put on top of a
Fig. 2 Wind rose of Kiel Lighthouse at 54.50° N; 10.27° E during the
period from September 3 to October 4, 2016. Wind direction is binned in
classes of 30°
Table 1 Sediment classification and statistics of five beach sediment samples collected at each of the three sites in the Kiel Fjord. Values are presented
as mean ± standard deviation
Sample Textural Group (D90–D10) (μm) Gravel (%) Sand (%) Mud (%)
Tirpitzmole Slightly Gravelly Sand 524.3 ± 81.2 0.8 ± 0.6 99 ± 0.6 0.2 ± 0.0
Bülk Sand 213.4 ± 2.2 0.0 ± 0.0 99.5 ± 0.2 0.5 ± 0.2
Falckenstein Sand 304.3 ± 50.9 0.0 ± 0.0 99.8 ± 0.0 0.2 ± 0.0
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5-l glass bottle. When the glass bottle was full, the filtered
CaCl2 solution was used again for further separations. The
extraction step was repeated three times according to the rec-
ommendation of Besley et al. (2016), who observed an in-
crease in microplastic recovery with an increasing number of
extractions. Finally, the filter was rinsed with 35% hydrogen
peroxide and stored in a closed glass Petri dish to dissolve the
organic matter that was present in the sample. After 24 h, each
filter was carefully rinsed with deionized water to remove
remaining organic residues and stored again in a separate glass
Petri dish until inspection. The applied density separation with
air-venting and rotation of the Erlenmeyer flasks as well as the
treatment with hydrogen peroxide was done following the
approach by Stolte et al. (2015).
Filter analysis
The filters were inspected with a stereo microscope (M8 from
Wild Heerbrugg, Heerbrugg, Switzerland) at a 6- to 50-fold
magnification.
Reference photos, i.e., images of polyester and cotton fi-
bers, human hair, and wood or shell debris from marine bi-
valves and gastropods that were previously taken with the
same stereo microscope at different magnifications, were used
for particle identification. In addition to these photos, we
employed the following criteria to distinguish microplastics
from other materials contained in the samples (following
Norén 2007): (a) plastic particles do not exhibit organic struc-
tures in any of their parts; (b) plastic fibers are equally thick in
all parts and do not taper towards the ends; (c) plastic particles
are uniformly colored. We distinguished between two classes
of microplastics: fragments and fibers, which were assessed
separately. In this text, we summarize fibers and fragments
under the generic term “particles.” However, only colored
fibers were classified as either natural or synthetic based on
visual criteria. For transparent, white, and black fibers, such a
classification was not meaningful as we were unable to reli-
ably distinguish these fibers from cotton or other organic ma-
terials. Additionally, white-transparent fibers were difficult to
identify on the white-transparent filter mesh. Hence, the
amounts of these fibers that we quantified for each grain size
fraction can contain an unknown proportion of synthetic fi-
bers. Fiber and fragment abundances per grain size class were
standardized to 1 kg of total dry sediment (including all size
fractions).
The differentiation between fibers and fragments was nec-
essary to compare our results with other studies that monitored
microplastic abundances in beach sediments. In some studies,
fibers were listed separately (Stolte et al. 2015; Chubarenko
et al. 2018), or they were completely ignored (Ory et al. 2020).
We photographed the fibers and fragments with a ProgRes CF
USB CCD camera (Jenoptik, Jena, Germany) that has a
maximum resolution of 1360 × 1024 px. The optical system
was used with the ProgRes CapturePro software, version
2.9.0.1.
Of all visually identified microplastic fragments, 39% (70
of 180 fragments) were randomly sorted out for identification
with a Labram HR800 confocal Raman microscope (Horiba
Jobin Yvon GmbH, Bensheim, Germany). Synthetic fibers
were not examined by Raman microspectroscopy as the filter
sample must be exposed to air during Raman measurement.
Thus, the sample is prone to airborne fiber contamination,
which we assumed is more likely to occur compared to air-
borne contamination with fragments > 0.2 mm. The fragments
were first measured with a 532-nm wavelength laser and a
600-grooves/mm diffraction grating. Parameters like beam at-
tenuation and acquisition time were chosen for each particle
individually, depending on sensitivity to laser energy and
signal-to-noise ratio of the spectra. In cases of a high fluores-
cence signal, we repeated the measurement with a 785-nm
wavelength laser. If it was still not possible to get spectra of
sufficient quality, the corresponding fragments were cut in
order to obtain a smooth surface that was less affected by
potential weathering effects. Spectra identification was per-
formed with the KnowItAll spectral data base (Bio-Rad,
Philadelphia, PA, USA). In case of poor signal-to-noise ratios,
only the most characteristic peaks could be used for the iden-
tification procedure. Hence, it is possible that the fragments do
not consist of the polymer with the best match of the database
spectrum, but of a material with a similar spectrum and almost
identical dominant peaks. If, for example, the classification of
a noisy spectrum is high-density polyethylene (HDPE), alter-
native spectral matches could be low-density polyethylene
(LDPE), polyethylene wax, or polyethylene glycol.
Nevertheless, alternative identifications would occur for sim-
ilar material classes and the attribution to polymer or non-
polymer is not affected by this uncertainty.
Assessment of background contamination
To assess a potential background contamination, i.e., fibers or
fragments that do not originate from the sediment but from the
laboratory equipment or the room air, two extra blank samples
without sediment were processed prior to processing the sed-
iment samples. Four liters of CaCl2 solution were equally
distributed to four 1-l Erlenmeyer flasks, which were previ-
ously rinsed with deionized water to remove all particles from
the inner walls of the flasks. Each of these solutions was then
ventilated for 40 min and, during this time, the Erlenmeyer
flasks were rotated by 90° every 10 min. Then, each of the
solutions was vacuum-sucked into a separate pre-cleaned
glass bottle with a volume of 2 l. The total 4 l of CaCl2 solu-
tion were then filtered through a single 0.2-mm polyester
round filter. Finally, the filter was inspected under a stereo
microscope with a magnification of 25 to 40. In the first of
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these extra blank samples, we found 11 fragments of which
one was classified as plastic based on the criteria listed above.
In addition to this, 83 transparent, 29 blue fibers, and one red
fiber were found. Eighteen of the 29 blue fibers and the one
red fiber were classified as synthetic. We then applied the
following measures and changes to reduce contamination dur-
ing sample processing: (a) the entire laboratory workspace and
the equipment were rinsed with tap water after each work step;
(b) all materials and surfaces were covered with aluminum foil
during breaks in the process; (c) a lab coat made of cotton as
well as latex gloves were worn during sample processing; and
(d) the glass containers and Erlenmeyer flasks were perma-
nently covered with aluminum foil. As a consequence, back-
ground contamination decreased from 19 synthetic fibers in
the first extra blank sample to one fiber in the second extra
blank sample, while no plastic fragments were found in the
latter. Furthermore, we tried to minimize contaminations by
not wearing synthetic clothes when processing the samples in
the laboratory (Wesch et al. 2016).
Results
Sediment grain size analysis
At the sewage treatment plant, the sediment consisted mainly
of medium sand (Table 1). It was classified as well sorted and
showed a unimodal grain size distribution. The sediment at
Falckenstein beach was similar: It was moderately well sorted,
showed a unimodal grain size distribution, and consisted
mainly of medium sand. We assessed the share of sediment
below 0.212 mm, which was the mesh size used for the grain
size analysis, as percentage of the total weight. It was 5.5% ±
0.7% (mean ± sd) at Bülk and 5.3% ± 0.3% at Falckenstein. In
contrast to this, the sediment at Tirpitzmole showed a bimodal
grainsize distribution and consisted of gravelly sand with two
peaks: one at fine sand and one at medium sand. Here, the
sediment fraction below 0.212 mm constituted 31.9% ± 2.6%
of the total weight.
Abundance of microplastic fibers and fragments in
sediment samples
Blue fibers and variously colored fragments were the most
abundant microplastic particles in the sediment samples from
Kiel Fjord (Figs. 3 and 4). Pink, orange, and yellow fibers
were observed in low numbers in the sediment samples from
Falckenstein and Tirpitzmole. Red fibers were more abundant,
but were only found at Tirpitzmole (Fig. 3). The total abun-
dance of microplastic particles, i.e., synthetic fibers and frag-
ments summed across the entire grain size range that we sam-
pled (i.e., 0.2–5 mm), was lowest in Bülk, where 1.8 particles
per kg dry sediment were found. It was slightly higher in
Falckenstein with 4.5 particles per kg dry sediment, but was
by one order of magnitude higher at Tirpitzmole with 30.2
particles per kg dry sediment (Fig. 4). This was primarily
due to the high loads of fragments that were found there
(Fig. 5).
At Falckenstein and Tirpitzmole, the abundance of
microplastic particles decreased with decreasing grain size. It
was the highest in the 1–5-mm size class and the lowest in the
0.2–0.5-mm class, while in Bülk no microplastics were found
in the coarsest grain size class (Figs. 3 and 4).
Of the 70 fragments that were sorted out for inspection with
the Raman microscope, 54 (77%) were confirmed as being
microplastics. Three fragments showed a spectrum that could
not be related to any polymer spectrum from the database that
was used and are therefore considered non-polymers. The
remaining 13 spectra (18% of all pre-sorted fragments) were
affected by a high fluorescence signal at both laser
Fig. 3 Number of variously
colored microplastic fibers per
grain size class in sediment
samples from three locations
along the western shore of the
Kiel Fjord. Light gray = blue
fibers, dark gray = red fibers,
black = other colored fibers
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wavelengths and could not be evaluated. Only four different
polymer classes were found among the measured fragments:
polyethylene (20 fragments), polystyrene (21 fragments),
polypropylene (9 fragments), and polyamide (4 fragments).
The number of examined f ragments by Raman
microspectroscopy for each sample is shown in Table 2 and
the composition of polymers is shown in Table 3.
Discussion
Microplastic fibers and fragments were found at all three sites
that we sampled along the western shore of the Kiel Fjord.
Interestingly, we observed a large variability in the abundance
of these particles at a relatively small spatial scale (< 20 km).
The highest abundance was observed at Tirpitzmole, where
the share of the finest sediment fraction (< 0.2 mm) was the
highest. This indicates that the conditions at this site are calm,
what presumably led to the accumulation of micro- and
macroplastic debris. In contrast to this, the sites Bülk and
Falckenstein represent high energy environments, where fine
sediments are rather exported. These sites also showed lower
microplastic loads than Tirpitzmole. The assumption that the
abundance of microplastics is a function of exposure to wind
and waves is supported by a review by Harris (2020), who
found that high microplastic abundances were commonly ob-
served in low-energy environments that exhibit a high trap-
ping efficiency for fine sediments. However, the exact rela-
tionship between microplastic abundance and sediment grain
size is still not resolved (Graca et al. 2017). In a study from the
Polish coast, no relationship between sediment characteristics
and the abundance of microplastics was detected (Urban-
Malinga et al. 2020) and this is in line with previous findings
from other sea areas (Mathalon and Hill 2014; Alomar et al.
2016).
The rather low quantities that we observed near the sewage
treatment plant in Bülk were unexpected, since these plants
cannot completely retain cosmetic beads and textile fibers,
which are commonly contained in household waters
(Mintenig et al. 2017). Although their retention rates can reach
98%, they still release a substantial amount of microplastics
into the environment due to the large volume of wastewater
they process (Anderson et al. 2016). German sewage plants,
for example, are supposed to release a few hundred million to
billions of microplastic particles every year (Mintenig et al.
2017).
The fact that we observed the lowest microplastic abun-
dances near the sewage plant can be explained by character-
istics of the site. First, the water outlet of the sewage plant is
relatively far away from the shore, since the pipeline of the
plant expands about 1040 m in a north-easterly direction into
Kiel Bight (Wuttke M, personal communication). Since the
main wind direction in this part of the Western Baltic is south-
west, particles that are released from the outlet and that are
neutrally or positively buoyant should be transported away
from the coastline. Swimming and water sports are not
Fig. 4 Number of microplastic fragments per grain size class in sediment
samples from three locations along the western shore of the Kiel Fjord.
Light gray = 0.2–0.5 mm, dark gray = 0.5–1.0 mm, black = 1.0–5.0 mm
Fig. 5 Number of synthetic fibers (light gray); colored fibers (gray); all
fibers including transparent, black, and white fibers (dark gray); and plas-
tic fragments (black) per kg of dry sediment at the sampling sites in Kiel
Fjord
26521Environ Sci Pollut Res (2021) 28:26515–26528
permitted near the outlet pipeline, and the surrounding beach
is predominantly covered with coarse gravel and cobbles and
is therefore not attractive for promenaders. As a consequence,
beach use and littering are low at this site. Hence, if
autochthonic macroplastic litter should be a major source for
microplastics in beach sediments, what has not been con-
firmed by empirical data yet, the beach in Bülk should exhibit
low loads of microplastics. Another possible reason for the
low abundances of microplastics that we observed near the
sewage treatment plant could be the size range in which we
looked for synthetic particles (i.e., 0.2–5.0 mm). A study that
assessed the abundance of microplastics in the purified waste-
water of a treatment plant in Oldenburg, Germany, equipped
with the same filter system as the plant in Bülk, found that
particle abundances increased with decreasing particle size
(AWI 2016). In the cited study, particles in the size range of
1.0–5.0 mm accounted for only 0.03 to 1.84% of the total
plastic load in the water after the final purification step, while
particles in the size range of 0.025–1.0 mm accounted for the
rest. However, more than 95% of all particles that were found
were smaller than 0.2 mm. Since our detection limit was
0.2 mm, it is possible that we overlooked a substantial part
of the microplastics in the sediment that was taken from near
the sewage treatment plant. A recent study investigated the
abundance of microplastics > 0.3 mm in the surface waters
of Kiel Fjord and also included the area around the outlet of
the sewage plant in their sampling (Ory et al. 2020). There, the
authors found abundances of these particles that were lower
than in other parts of the fjord. They explained this by the
effective filter cloth with a pore size of 0.04–0.06 mm that is
used as the last filtration step in the sewage processing (Ory
et al. 2020).
The number of microplastics found at the beach in
Falckenstein was slightly higher than near the sewage treat-
ment plant. Since this place is heavily used by locals and by
tourists during the summermonths, the level of littering here is
higher than at the other two sites that we sampled. During the
Coastal Cleanup Day in September 2017, 3951 litter items
weighing more than 150 kg were found in Falckenstein along
a beach length of 2.7 km (Bratz H, personal communication).
Most common litter items were cigarette butts (1092), food
wrappers (659), plastic bottles/plastic bottle caps (423), and
foam/plastic pieces (342). In contrast to this, in Bülk, 400 litter
items weighing 71 kg were found along a beach length of
2.3 km. Most common litter items were foam/plastic pieces
(178), food wrappers (65), and cigarette butts (39) (Bratz H,
personal communication). If the plastic litter is not exported
by wind and wave action, but disintegrates at site, the amounts
of macroplastics that are released at the beach should lead to
an increased load of microplastics. When interpreting the data
from a beach sampling in the Western Baltic Sea, Stolte et al.
(2015) also explained the high abundance of microplastics,
which were found inWarnemünde, Germany, with the intense
beach use in this region.
Table 2 Visually identified and
pre-sorted microplastic fragments
from each size class and sampling
location. Microplastics were con-
firmed by Raman
microspectroscopy









Bülk 0.2–0.5 1 0 0
0.5–1 0 0 0
1–5 0 0 0
Falckenstein 0.2–0.5 2 0 0
0.5–1 3 1 0
1–5 3 1 1
Tirpitzmole 0.2–0.5 28 14 7
0.5–1 41 17 14
1–5 102 37 32
Total 180 70 54
Table 3 Polymer composition of
identified microplastic fragments.




Polyethylene Polystyrene Polypropylene Polyamide Not identified/no
polymer
Sum
Bülk 0 0 0 0 0 0
Falckenstein 0 1 0 0 1 (no polymer) 2
Tirpitzmole 20 20 9 4 13 + 2 (no polymer) 68
20 21 9 4 16 70
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At Tirpitzmole, a site that is located in between a naval base
and a marina for recreational boats, a high quantity of plastic
litter, such as bottles, packaging materials, food containers,
styrofoam pieces, bags, and foils, in the size range between
5 and 500mmwas observed during the sampling (Schröder K,
personal observation). The material was either deposited on
the beach or it was floating in the shallow water near the drift
line. Most if not all of this material was presumably imported
from the fjord, because flotsam constantly accumulates in this
semi-enclosed place that opens to the south-east. Large-sized
plastic debris is introduced into the Kiel Fjord by littering,
water sport activities, and operations in Kiel harbor, public
events such as Kiel Week or by seagulls that search trash bins
for food. Tirpitzmole is also rarely visited by people, since the
beach area is small, not attractive for swimming as well as
sunbathing, and difficult to access. Fragmentation processes
that take place at this site are therefore a likely explanation for
the high abundance of microplastics that we found at
Tirpitzmole.
Ory et al. (2020) suggest that substantial amounts of the
microplastics that can be found floating in the fjord originate
from the Kiel storm drainage system that discharges runoff
water from roads and pavements directly into the fjord. In this
system, the water, which may transport plastic debris, is just
coarsely filtered by a rake. Tirpitzmole is close (about 2 km) to
the most frequented promenade in Kiel that has several storm
drainage pipes that lead into the fjord. In our study, at
Tirpitzmole, fragments accounted for 90% of the plastics,
while fibers were less common and the total loads (30.2
microplastics per kg dry sediment) were seven times higher
than in Falckenstein (4.5 microplastics per kg dry sediment)
and 17 times higher than near the sewage treatment plant in
Bülk (1.8 microplastics per kg dry sediment).
Our study shows that microplastics’ loads and their com-
position can vary widely even on small spatial scales
(Tirpitzmole versus Falckenstein/Bülk), but can also be simi-
lar despite of differences in beach use and proximity to a
sewage plant (Falckenstein versus Bülk).
While some studies from the Baltic Sea region found
highest microplastic loads at beaches near urbanized areas
(Graca et al. 2017) or at beaches with high touristic activity
(Stolte et al. 2015), Hengstmann et al. (2018) found no such
positive correlation between tourism/degree of urbanization
and microplastics at sites in the southwestern Baltic Sea.
This indicates that the abundance of microplastics in beach
sediments is presumably determined by a complex interaction
between, for instance, beach use, degree of urbanization,
wastewater discharge, river discharge, location and exposition
of the sampling site, climate conditions (e.g., wind patterns),
or hydrodynamics (Browne et al. 2011; Stolte et al. 2015;
Graca et al. 2017).
So far, only two further studies assessed the abundance of
microplastics in beach sediments from the German Baltic Sea
coast. Stolte et al. (2015) sampled drift line sediments near
Rostock as well as on the islands of Rügen and Usedom.
The authors employed a methodology that was similar to the
one used in this study, while the sites they sampled were
located 200–250 km east of the Kiel Fjord. Furthermore, the
authors distinguished between fibers and fragments, which
were between 0.055 and 1.0 mm in size (0.2–5.0 mm in this
study). They found 1.7 ± 2.0 (mean ± sd) colored fragments
per kilogram of dry sediment and 117 ± 127 fibers at the drift
line, including white and transparent ones (Table 4).
Although, the lower size limit considered by Stolte et al.
(2015) was lower than the one assessed in this study, we
observed more microplastic fragments (9.7 ± 15) per kg dry
Table 4 Abundance of microplastics in different regions of the southern Baltic Sea. Microplastic abundances in this study include fragments and
fibers. In the Gulf of Gdansk, three locations were sampled: a) beach dune, b) cliff during calm conditions and c) after storm
Region Particle size Microplastic abundance
(particles/kg DW)
Source




Mecklenburg- Vorpommern (Germany) 0.055–1 mm 2.0±2.3 (mean ± SD) fragments
4.5±3.8 (mean ± SD) fibers
Stolte et al. (2015)
Rügen (Germany) 0.063–5 mm 50.2–79.1 (mean) fibers
27.7–32.7 (mean) fragments
Hengstmann et al. (2018)
Gulf of Gdansk (Poland) 0.045–5 mm a) 34±9 particles
b) 49±6 particles
c) 31±4 particles
Graca et al. (2017)
Kaliningrad (Russia) 0.5–5 mm 1.3–36.3 (mean) particles Esiukova (2017)
Kaliningrad (Russia) 0.5–5 mm 364.3±172.6 (mean ± SD) particles
204.5±154.6 (mean ± SD) fibers
135.3±134.9 (mean ± SD) fragments
Chubarenko et al. (2018)
Poland 0.0027–5 mm 160±86 (mean ± SD) particles Urban-Malinga et al. (2020)
Curonian Spit (Lithuania and Russia) 0.5–5 mm 44.5±52.4 (mean ± SD) particles Esiukova et al. (2020)
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sediment (averaged across all samples and grain size classes).
However, this high quantity is mainly due to the large
amounts of fragments we observed in the sediment from
Tirpitzmole (26.9 per kg dry sediment). If we would exclude
this site from the analysis, fragment concentrations found in
the Kiel Fjord would be very similar to those observed by
Stolte et al. (2015). The concentration of colored synthetic
fibers found in this study (2.5 ± 0.9 per kg dry sediment)
was similar to those observed at the eastern German Baltic
Sea coast by Stolte et al. (2015), who found 4.5 ± 3.8 colored
fibers per kg dry sediment. If we would consider all colored
fibers that were found in the samples from Kiel Fjord,
irrespectively of whether they were visually classified as nat-
ural or synthetic, we would come to an average of 5.2 ± 1.2
fibers per kg dry sediment. This value is still close to the one
observed by Stolte et al. (2015).
Hengstmann et al. (2018) analyzed beach sediments
from the high water line and from the beach plateau of
the Isle of Rügen employing an elutriation column and Nile
Red staining. The overflow of the elutriation process was
filtered through a 0.063-mm sieve and the retained particles
were subsequently dried and stained with Nile Red. At
four sampling locations, Hengstmann et al. (2018) found on
average between 27.7 and 32.7 fragments and 50.2 and 79.1
fibers per kg dry sediment (minimummean value −maximum
mean value). Considering the synthetic fibers found in our
study (2.5 ± 0.9 per kg dry sediment), fiber abundances in
the study of Hengstmann et al. (2018) were by one order of
magnitude higher (Table 4). Only if we would consider all
fibers (including colored, white-transparent, and black
fibers) that we observed in our material (27.7 ± 10.3 per kg
dry sediment), the fiber loads in Kiel Fjord beach sediments
are similar to the concentrations observed by Hengstmann
et al. (2018). One possible explanation for this difference is
that the use of the staining method led to an overestimation of
the abundances of synthetic fibers, since Nile Red is known to
stain also natural materials (Shim et al. 2016; Tamminga et al.
2017). In contrast to our study, microplastic abundances in
sediment samples from the Island of Rügen increased with
decreasing grain size, while the lowest fiber and fragment
abundances were found in the biggest size class (1–5 mm).
We found the highest microplastic loads in the largest size
range at two of our three sampling locations (Tirpitzmole
and Falckenstein).
Graca et al. (2017) conducted a microplastics survey in the
Gulf of Gdansk (Poland, 550 km east of Kiel Fjord). The au-
thors considered a particle size range of 0.045–5 mm in sedi-
ment samples that were taken from the middle of two dune
beaches and from a cliff beach. At the latter site, they also
sampled before and after a storm event. For assessing
microplastic abundances, the authors distinguished between fi-
bers, fragments, and films. Their methodology was similar to
the one used in this study: A NaCl-solution with a density of
1.2 g/cm3 was added to the wet sample; the suspension was
shaken and left undisturbed for deposition. Then, the superna-
tant was filtered through a 0.045-mm sieve. This procedure was
repeated three times. Graca et al. (2017) found 34 ± 9
microplastics, i.e., fragments, fibers, and films, per kg dry sed-
iment at the dune beach, 49 ± 6 in sediments underneath the
sand cliff during calm sea conditions and 31 ± 4 after a storm
(Table 4). After pre-sorting the material visually, representative
particles were identified by IR-spectroscopy. The particle con-
centrations found in this study were similar to the ones we
observed for the Kiel Fjord, but were lower than those observed
by Hengstmann et al. (2018). Urban-Malinga et al. (2020) in-
vestigated the abundance and composition of microplastics at
12 beaches along the Polish coast that differ in their degree of
touristic usage and urbanization as well as with regard to sedi-
ment characteristics. In the swash zone (zone of wave action on
the beach), the authors sampled the upper 5 cm of the sediment
and mixed 1 dm3 of it into a NaCl-solution (1.2 g/cm3). After
deposition, the supernatant was filtered (2.7 μm) and the den-
sity separation was repeated three times per sample. The dried
filters were examined under a stereo microscope, and potential
microplastics were grouped into fibers, fragments, granules/pel-
lets, or films. Finally, representative particles were analyzed
with IR-spectroscopy. Microplastic abundances ranged be-
tween 76 ± 7 and 295 ± 182 (mean ± standard deviation) parti-
cles per kg dry sediment, with an overall mean of 160 ± 86 per
kg dry sediment. These values are substantially higher than our
findings of 1.8 to 30.2 particles per kg dry sediment. Depending
on the site, fibers (six study sites) or fragments (five study sites)
dominated along the Polish coast, whereas in our study synthet-
ic fibers dominated in Bülk and Falckenstein (1.6 and 2.7 per kg
dry sediment, respectively) (1.6 and 2.7 per kg dry sediment,
respectively), while at Tirpitzmole fragments were more abun-
dant with 26.9 per kg dry sediment (Fig. 5).
Esiukova (2017) investigated microplastic loads (0.5–
5 mm) near Kaliningrad in the south-eastern Baltic Sea,
650 km east of Kiel Fjord. Samples were taken from the
upper two centimeters of the sediment in the drift line of 13
beaches, dried and sieved into two size classes (0.5–1 and
1–5 mm). Then, potential microplastics were separated
from organic debris or glass fragments under a microscope,
before a density separation with a ZnCl2-solution (density
1.6 g/cm3) was applied. For this purpose, 400 g of a sample
were filled into a glass container and ZnCl2 was added. The
density solution was added to the sediment sample, stirred
and left for deposition. Floating particles were filtered and
identified as microplastics following the criteria suggested
by Norén (2007). Esiukova (2017) distinguished between
industrial pellets, granules, foamed plastics, fibers, films,
and fragments and found 1.3–36.3 (minimum to maximum
mean value) microplastics per kg of dry sediment (Table 4).
These values are similar to what we observed in the Kiel
Fjord.
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Chubarenko et al. (2018) examined beach sediments in the
same region in the size range of 0.5–5 mm. Sediment samples
at the drift line were collected applying the method from
Esiukova (2017). The samples were stored in polyethylene
bags and were processed according to Zobkov and Esiukova
(2017), who based their approach on NOAA recommenda-
tions (Masura et al. 2015). The authors applied two density
separations with a ZnCl2-solution (density 1.6 g/cm
3), filtered
the supernatants, and removed organic materials and calcites
with hydrogen peroxide as well as HCl (described in Zobkov
and Esiukova 2017). Finally, particles were identified under a
stereo microscope with the help of UV-light, mechanical
stretching, and a hot needle (Norén 2007). On average, the
authors found 364.3 ± 172.6 (mean ± standard deviation)
microplastics per kg dry sediment with a minimum of 53
and a maximum of 572 (median: 374) particles. Theminimum
value is comparable to what we observed at Tirpitzmole,
while all other abundances were substantially higher. The au-
thors explained the high variability in the abundances rather
by oceanographic and atmospheric processes, such as wave-
or storm-induced sediment transport, than by anthropogenic
influences like urbanization. Additionally, they found the
highest microplastic abundances in coarse sands indicating
that these particles were brought there by waves, while we
observed the highest abundances in fine sediments, what hints
at the fragmentation of larger plastic debris at site.
Esiukova et al. (2020) sampled sediments at six locations
along the Curonian Spit UNESCO National Park following
the method described in Esiukova (2017). Samples were dried
and sieved into four size classes (0.5, 1.0, 2.0, and 5.0 mm).
Then, large particles were inspected under a stereomicroscope
using an UV-lamp, mechanical stretching, and a hot needle.
Potential microplastics from this pre-selection were picked
and identified using Raman spectroscopy. The rest of the ma-
terial was processed with the modified NOAA density sepa-
ration (Zobkov and Esiukova 2017). The median microplastic
abundance was 30.2 ± 15.6 (0.5–5.0 mm) per kg of dry sedi-
ment (Chubarenko et al. 2020) and the overall mean abun-
dance for the drift line was 44.5 ± 52.4 (mean ± standard de-
viation) with a minimum value of 5 and a maximum value of
177 plastic particles per kg dry sediment (Esiukova et al.
2020). These values are similar to the abundances observed
in this study. However, the maximum abundance found by
Esiukova et al. (2020) (177 particles) was considerably higher
than what we found at Tirpitzmole (30.2 particles).
The results of the different studies indicate that
microplastics are ubiquitous in beach sediments of the south-
ern Baltic Sea, while the concentrations vary between single
and hundreds of particles per kg sediment. However, a direct
comparison between the studies is problematic, since different
methods were used. In this context, synthetic fibers are
most problematic, because they are commonly difficult to
distinguish from natural materials (Stolte et al. 2015).
Additionally, the likelihood of airborne fiber contamination
is high in most laboratory environments. For this reason,
fibers were assessed in different ways in previous
studies. Either all fibers were visually classified as natural
or synthetic (Esiukova 2017; Chubarenko et al. 2018), or just
colored fibers were visually classified (Stolte et al. 2015).
Furthermore, fibers were stained and visually identified
under UV-light (Hengstmann et al. 2018), or they were
visually pre-sorted and examined by IR- or Raman spectros-
copy (Graca et al. 2017; Urban-Malinga et al. 2020; Esiukova
et al. 2020). Finally, some studies completely excluded
them due to the high background fiber contamination (e.g.,
Ory et al. 2020).
The similarity in pollution levels across large spatial scales
(i.e., hundreds of kilometers) found by studies from the south-
western Baltic Sea (Stolte et al. 2015;Graca et al. 2017; Esiukova
2017; Hengstmann et al. 2018; Esiukova et al. 2020) is in con-
trast to our observation that the abundances of microplastics can
vary substantially at small spatial scales (i.e., tens of kilometers).
The latter fact presumably arose from our sampling at a site that,
due to local conditions, serves as a sink for plastic debris and
therefore exhibits particle abundances that may not be represen-
tative for the study area. Although, we had just one sediment
sample per site, it should be noted that at each beach ~ 4.3 kg
of sediment (dry weight) were sieved into the three size classes.
In most other studies, much lower amounts of sediment were
processed: Stolte et al. (2015) had samples with a dry weight
of 450 to 960 g, Graca et al. (2017) processed 150 g (wet sedi-
ment), and Chubarenko et al. (2018) examined 3 dm3 (wet vol-
ume). Esiukova (2017) processed samples of about 400 g and
Hengstmann et al. (2018) as well as Urban-Malinga et al. (2020)
used sub-samples of 50 cm3 for density separation. In this con-
text, we are convinced that not only the number of replicates but
also the total sample mass that is processed is important for the
significance of a study.
Among the studies that so far assessed microplastics in
beach sediments in the southern Baltic Sea (Stolte et al.
2015; Graca et al. 2017; Esiukova 2017; Hengstmann
et al. 2018; Chubarenko et al. 2018; Esiukova et al. 2020;
Urban-Malinga et al. 2020), only Graca et al. (2017),
Esiukova et al. (2020), Urban-Malinga et al. (2020), and
this study used spectroscopic methods to verify their visual
identification. Studies that compared visual identification
methods for microplastics to other techniques such as spec-
troscopy or gas chromatography/mass spectrometry
revealed that overestimation of particle loads is a likely
consequence of the visual analysis. In one case, up to
70% of the particles that were first classified as plastics
(by visual methods) were later identified as non-plastic
(by spectroscopy) (Hidalgo-Ruz et al. 2012). In another
study, only 1.4% of the visually classified microplastics
were later verified as such by Fourier transform infrared
spectroscopy (FTIR) (Löder and Gerdts 2015).
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However, in our study, 70 randomly chosen fragments, which
were visually classified as synthetic, were analyzed with Raman
spectroscopy and 77% (54 fragments) of them were then con-
firmed as microplastics. Only three fragments turned out to be a
non-polymer, while the rest (13 fragments) could not be identi-
fied. This indicates that at least for larger fragments > 200 μm
pre-selection by visual identification can lead to reliable results.
This is supported byUrban-Malinga et al. (2020), who found that
91% of all particles they visually pre-sorted were identified as
microplastics by IR-spectroscopy. Mintenig et al. (2020) in
agreement with Koelmans et al. (2019) suggested that 75% or
at least 50 visually pre-sorted particles should be analyzed by
spectroscopic methods to reduce uncertainty.
The polymer composition of microplastics observed in this
study (Table 3) is similar to what Ory et al. (2020) reported for
surface-floating microplastics in the Kiel Fjord. They found
that most microplastics were made of polyethlene (45%),
followed by polypropylene (17%) and polystyrene (8%).
Also, Urban-Malinga et al. (2020) found that most of the
particles they analyzedwith IR-spectroscopywere either poly-
propylene, polyethylene, or polystyrene. This picture resem-
bles the polymer composition of packagingmaterials, which is
the most important market segment for plastics in Europe
(PlasticsEurope 2019). However, polyethylene terephthalate
(PET), which is also frequently used in the packaging indus-
try, was not found in this study. This might be due to its high
density (1.29 to 1.40 g/cm3) (Nuelle et al. 2014), which ren-
ders it more difficult to get extracted with the applied CaCl2
density solution (1.34 to 1.42 g/cm3).
To make particle identification more reliable, we did not
classify fibers that were transparent, black, or white, since they
cannot easily be identified as synthetic or natural (Stolte et al.
2015). One reason for this is that hydrogen peroxide can bleach
out organic materials. As a consequence, fibers and fragments
that might have been recognizable as organic by their color
before the oxidation treatment could not be distinguished from
microplastics after it. Furthermore, white and transparent fibers
were difficult to distinguish from the filter material we used.
The fact that the microplastic loads that were observed by
the different researchers in the southern Baltic Sea were most-
ly in a similar range (Stolte et al. 2015; Graca et al. 2017;
Esiukova 2017; Hengstmann et al. 2018; Esiukova et al.
2020) suggests that these results are robust and can serve as
a baseline for future studies that seek to identify trends in
pollution levels. Nevertheless, there is still the need for addi-
tional samplings in this region and to further improve and
harmonize the methodology for microplastic monitorings in
order to increase accuracy and to facilitate inter-study com-
parisons (Lorenz et al. 2019; Imhof et al. 2017; Rocha-Santos
and Duarte 2015; Löder et al. 2015).
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-020-12220-x.
Acknowledgments Open Access funding enabled and organized by
Projekt DEAL. We would like to thank Nadja Staerck, Renate Schuett,
and Regine Koppe for their help and very useful input during sample
processing. Additionally, we are grateful to Michael Wuttke from the
Kiel-Bülk sewage treatment plant for kindly providing information and
data about the plant.
Authors’ contributions Kevin Schröder: writing—original draft, sam-
pling, sample processing, methodology, formal analysis, visualization
Elke Kossel: spectroscopy, validation, writing—review and editing
Mark Lenz: conceptualization, resources, supervision, writing—
reviewing and editing
Funding This research received no specific grant from any funding agen-
cy in the public, commercial, or not-for-profit sectors.
Data availability All data used in this study will be made publicly avail-
able on PANGAEA (https://www.pangaea.de) following acceptance.
Compliance with ethical standards
Conflict of interest The authors declare that they have no competing
interests.
Ethical approval No human participants or animals were involved in
this research
Consent to submit Consent to submit has been received from all co-
authors
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research (AWI). Biological Institute Helgoland (2016) and
University of Bayreuth, Animal ecology: microplastics in the waste-
water treatment plants Holdorf and Oldenburg. Sampling report and
results July 2016. In: Oldenburgisch-Ostfriesischer Wasserverband
(OOWV) (contracting authority)
Alomar C, Estarellas F, Deudero S (2016) Microplastics in the
Mediterranean Sea: deposition in coastal shallow sediments, spatial
variation and preferential grain size. Mar Environl Res 115:1–10.
https://doi.org/10.1016/j.marenvres.2016.01.005
Anderson JC, Park BJ, Palace P (2016) Microplastics in aquatic en-
vironments: implications for Canadian ecosystems. Environ
Pollut 218:269–280. https://doi.org/10.1016/j.envpol.2016.06.
074
26526 Environ Sci Pollut Res (2021) 28:26515–26528
Andrady AL (2011) Microplastics in the marine environment. Mar Pollut
Bull 62:1596–1605. https://doi.org/10.1016/j.marpolbul.2011.05.
030
Bagaev A, Khatmullina L, Chubarenko I (2018) Anthropogenic microli-
ter in the Baltic Sea water column. Mar Pollut Bull 129:918–923.
https://doi.org/10.1016/j.marpolbul.2017.10.049
Beer S, Garm A, Huwer B, Dierking J, Gissel Nielsen T (2018) No
increase in marine microplastic concentration over the last three
deacdes–a case study from the Baltic Sea. Sci Total Environ 621:
1272–1279. https://doi.org/10.1016/j.scitotenv.2017.10.101
Besley A, Vijver MG, Behrens P, Bosker T (2016) A standardized meth-
od for sampling and extraction methods for quantifying
microplastics in beach sand. Mar Pollut Bull 114:77–83. https://
doi.org/10.1016/j.marpolbul.2016.08.055
Blott SJ, Pye K (2001) GRADISTAT: a grain size distribution and statistics
package for the analysis of unconsolidated sediments. Earth Surf
Process Landforms 26:1237–1248. https://doi.org/10.1002/esp.261
Browne MA (2015) Sources and pathways of microplastics to habitats.
In: Bergmann M, Gutow L, Klages M (eds) Marine anthropogenic
litter. Springer, Cham, pp 228–244
Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T,
Thompson R (2011) Accumulation of microplastic on shorelines
worldwide: sources and sinks. Environ Sci Technol 45:9175–
9179. https://doi.org/10.1021/es201811s
Carson HS, Colbert SL, Kaylor MJ, McDermid KJ (2011) Small plastic
debris changes water movement and heat transfer through beach
sediments. Mar Pollut Bull 62:1708–1713. https://doi.org/10.1016/
j.marpolbul.2011.05.032
Chubarenko IP, Esiukova EE, Bagaev AV, Bagaeva MA, Grave AN
(2018) Three-dimensional distribution of anthropogenic microparti-
cles in the body of sandy beaches. Sci Total Environ 628–629:
1340–1351. https://doi.org/10.1016/j.scitotenv.2018.02.167, 628-
629
Chubarenko I, Esiukova E, Khatmullina L, Lobchuck O, Grave A, Kileso
A, Haseler M (2020) From macro to micro, from patchy to uniform:
analyzing plastic contamination along and across a sandy tide-less
coast. Mar Pollut Bull 156:111198. https://doi.org/10.1016/j.
marpolbul.2020.111198
Cole M, Lindeque PK, Fileman E, Clark J, Lewis C, Halsband C,
Galloway TS (2016) Microplastics alter the properties and sinking
rates of zooplankton faecal pellets. Environ Sci Technol 50:3239–
3246. https://doi.org/10.1021/acs.est.5b05905
Critchell K, Lambrechts J (2016) Modelling accumulation of marine
plastics in the coastal zone; what are the dominant physical process-
es? Estuar Coast Shelf Sci 171:111–122. https://doi.org/10.1016/j.
ecss.2016.01.036
Dümichen E, Eisentraut P, Bannick CG, Barthel AK, Senz R, Braun U
(2017) Fast identification of microplastics in complex environmen-
tal samples by a thermal degradation method. Chemosphere 174:
572–584. https://doi.org/10.1016/j.chemosphere.2017.02.010
Esiukova E (2017) Plastic pollution on the Baltic beaches of Kaliningrad
region, Russia. Mar Pollut Bull 114:1072–1080. https://doi.org/10.
1016/j.marpolbul.2016.10.001
Esiukova E, Khatmullina L, Lobchuk O, Grave A, Kileso A, Haseler M,
Zyubin A, Chubarenko I (2020) From macro to micro: dataset on
plastic contamination along and across a sandy tide-less coast (the
Curonian Spit, the Baltic Sea). Data in Brief 30:105635. https://doi.
org/10.1016/j.dib.2020.105635
European Commission (2010) Commission decision on criteria and
methodological standards on good environmental status of marine
waters. Official Journal of the European Union, 232/14. https://eur-
l ex .eu ropa .eu / l ega l -con ten t /EN/TXT/?ur i=CELEX%
3A32010D0477%2801%29
European Parliament and the European Council (2008) Directive
2008/56/EC. Establishing a framework for community action in
the field of marine environmental policy (Marine Strategy
Framework Directive). Official Journal of the European Union
L164/19. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%3A32008L0056
Fendall LS, SewellMA (2009) Contributing to marine pollution bywash-
ing your face: microplastics in facial cleansers. Mar Pollut Bull 58:
1225–1228. https://doi.org/10.1016/j.marpolbul.2009.04.025
Folk RL (1954) The distinction between grain size and mineral compo-
sition in sedimentary-rock nomenclature. J Geol 62:344–359 https://
www.jstor.org/stable/30065016
Gall SC, Thompson RC (2015) The impact of debris on marine life. Mar
Pollut Bull 92:170–179. https://doi.org/10.1016/j.marpolbul.2014.
12.041
Gewert B, Ogonowski M, Barth A, MacLeod M (2017) Abundance and
composition of near surface microplastics and plastic debris in the
Stockholm Archipelago, Baltic Sea. Mar Pollut Bull 120:292–302.
https://doi.org/10.1016/j.marpolbul.2017.04.062
Graca B, Szewc K, Zakrzewska D, Dołęga A, Szczerbowska-
Boruchowska M (2017) Sources and fate of microplastics in marine
and beach sediments of the Southern Baltic Sea—a preliminary
study. Environ Sci Pollut Res 24:7650–7661. https://doi.org/10.
1007/s11356-017-8419-5
Hanvey JS, Lewis PJ, Lavers JL, Crosbie ND, Pozo K, Clarke BO (2017)
A review of analytical techniques for quantifying microplastics in
sediments. Anal Methods 9:1369–1383. https://doi.org/10.1039/
C6AY02707E
Harris PT (2020) The fate of microplastic in marine sedimentary environ-
ments: a review and synthesis. Mar Pollut Bull 158:111398. https://
doi.org/10.1016/j.marpolbul.2020.111398
Healey T, Wang Y, Healey JA (2002) Muddy coasts of the world: pro-
cesses, deposits and function. In: Proceedings in Marine Science
Series, Vol 4. Elsevier Science & Technology, Amsterdam
Hengstmann E, Tamminga M, vom Bruch C, Fischer EK (2018)
Microplastic in beach sediments of the Isle of Rügen (Baltic Sea)-
implementing a novel glass elutriation column.Mar Pollut Bull 126:
263–274. https://doi.org/10.1016/j.marpolbul.2017.11.010
Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M (2012) Microplastics
in the marine environment: a review of the methods used for iden-
tification and quantification. Environ Sci Technol 46:3060–3075.
https://doi.org/10.1021/es2031505
Hüssy K (2011) Review of western Baltic cod (Gadus morhua) recruit-
ment dynamics. ICES J Mar Sci 68:1459–1471. https://doi.org/10.
1093/icesjms/fsr088
Imhof KI, Sigl R, Brauer E, Feyl S, Giesemann P, Klink S, Leupolz K,
Löder MGJ, Löschel LA, Missun J, Muszynski S, Ramsperger
AFRM, Schrank I, Speck S, Steibl S, Trotter B, Winter I, Laforsch
C (2017) Spatial and temporal variation of macro-, meso- and
microplastic abundance on a remote coral island of the Maldives,
Indian Ocean. Mar Pollut Bull 116:340–347. https://doi.org/10.
1016/j.marpolbul.2017.01.010
Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady A,
Narayan R, Law KL (2015) Plastic waste inputs from land into the
ocean. Science 347:768–771. https://doi.org/10.1126/science.1260352
Koelmans AA, Mohamed Nor NH, Hermsen E, Kooi M, Mintenig SM,
De France J (2019) Microplastics in freshwaters and drinking water:
critical review and assessment of data quality. Water Res 155:410–
422. https://doi.org/10.1016/j.watres.2019.02.054
Landesbetrieb für Küstenschutz, Nationalpark und Meeresschutz des
Landes Schleswig-Holstein (LKN) (2015) Fachplan Küstenschutz
Ostseeküste. Grundlagen. Einteilung in Küstenabschnitte, Abschnitt
Kieler Förde
Lebreton LCM, Greer SD, Borrero JC (2012) Numerical modelling of
floating debris in the world’s oceans. Mar Pollut Bull 64:653–661.
https://doi.org/10.1016/j.marpolbul.2011.10.027
Löder MGJ, Gerdts G (2015) Methodology used for the detection and iden-
tification ofmicroplastics—a critical appraisal. In: BergmannM,Gutow
L, Klages M (eds) Marine Anthropogenic Litter, pp 201–227
26527Environ Sci Pollut Res (2021) 28:26515–26528
Löder MGJ, Kuczera M, Mintening S, Lorenz C, Gerdts G (2015) Focal
plane array detector-based micro-Fourier-transform infrared imag-
ing for the analysis of microplastics in environmental samples.
Environ Chem 12:563–581. https://doi.org/10.1071/EN14205
Lorenz C, Roscher L, Meyer MS, Hildebrandt L, Prume J, Löder MGJ,
Primpke S, Gerdts G (2019) Spatial distribution of microplastics in
sediments and surface waters of the southern North Sea. Env Pollut
252:1719–1729. https://doi.org/10.1016/j.envpol.2019.06.093
Masura J, Baker J, Foster G, Arthur C (2015) Laboratory methods for the
analysis of microplastics in the marine environment: recommenda-
tions for quantifying synthetic particles in waters and sediments.
NOAA Technical Memorandum NOS-OR&R-48. https://
marinedebris.noaa.gov/sites/default/files/publications-files/noaa_
microplastics_methods_manual.pdf (last retrieved: 29th of
September 2020)
Mathalon A, Hill P (2014) Microplastic fibers in the intertidal ecosystem
surrounding Halifax Harbor, Nova Scotia. Mar Pollut Bull 81:69–
79. https://doi.org/10.1016/j.marpolbul.2014.02.018
Maximenko N, Hafner J, Niiler P (2012) Pathways of marine debris
derived from trajectories of Lagrangian drifters. Mar Pollut Bull
65:51–62. https://doi.org/10.1016/j.marpolbul.2011.04.016
Mintenig S, Int-Veen I, LöderMGJ, PrimpkeS,GerdtsG (2017) Identification
of microplastic in effluents of waste water treatment plants using focal
plane array-based micro-Fourier-transformed infrared imaging. Water
Res 108:365–372. https://doi.org/10.1016/j.watres.2016.11.015
Mintenig SM, Kooi M, Erich MW, Primpke S, Redondo-Hasselerharm
PE, Dekker SC, Koelmans AA, Van Wezel AP (2020) A systems
approach to understand microplastic occurrence and variability in
Dutch riverine surface waters. Water Res 176:115723. https://doi.
org/10.1016/j.watres.2020.115723
Näkki P, Setälä O, Lehtiniemi M (2019) Seafloor sediments as
microplastic sinks in the northern Baltic Sea - Negligible upward
transport of buried microplastics by bioturbation. Environ Pollut
249:74–81. https://doi.org/10.1016/j.envpol.2019.02.099
Norén F (2007) Small plastic particles in coastal Swedish waters. KIMO
Report, p:1–11
Nuelle MT, Dekiff JH, Remy D, Fries E (2014) A new analytical ap-
proach for monitoringmicroplastics in marine sediments. Env Pollut
184:161–169. https://doi.org/10.1016/j.envpol.2013.07.027
Ojaveer H, Setälä O, Balode M, Jurkovska V, Muzikante L, Kiitsak M
(2013) Final report on field studies on marine and beach litter. GES-
REG project, Work Package 3–advance knowledge base to support
assessment of GES. 31 pages
OpenStreetMap contributors (2018) OpenStreetMap. URL: www.
openstreetmap.org. (last retrieved: 21.09.2018)
Ory NC, Lehmann A, Javidpour J, Stöhr R, Walls GC, Clemmensen C
(2020) Factors influencing the spatial and temporal distribution of
microplastics at the sea surface–a year-long monitoring case study
from the urban Kiel Fjord, Southwest Baltic Sea. Sci Total Environ
736:139493. https://doi.org/10.1016/j.scitotenv.2020.139493
PlasticsEurope (2012) Plastics–the facts 2012. An analysis of European
plastics production, demand and waste data for 2011
PlasticsEurope (2019) Plastics–the facts 2019. An analysis of European
plastics production, demand and waste data
Polte P, Kotterba P, Hammer C, Gröhsler T (2013) Survival bottlenecks
in the early ontogenesis of Atlantic herring (Clupea harengus, L.) in
coastal lagoon spawning areas of the western Baltic Sea. ICES JMar
Sci 71:982–990. https://doi.org/10.1093/icesjms/fst050
Prata JC, Da Costa JP, Lopes I, Duarte AC, Rocha – Santos T (2020)
Environmental exposure to microplastics: an overview on possible
human health effects. Sci Total Environ 702: 134455. https://doi.
org/10.1016/j.scitotenv.2019.134455
Rocha-Santos T, Duarte AC (2015) A critical overview of the analytical
approaches to the occurrence, the fate and the behavior of
microplastics in the environment. Trends Anal Chem 65:47–53.
https://doi.org/10.1016/j.trac.2014.10.011
Schönlau C, Karlsson TM, Rotander A, Nilsson H, Engwall M, Van Bavel
B, Kärrman (2020) Microplastics in sea-surface waters surrounding
Sweden sampled by manta trawl and in-situ pump. Mar Pollut Bull
153: 1–8. https://doi.org/10.1016/j.marpolbul.2020.111019
Schröder T, Stank J, Schernewski G, Krost P (2014) The impact of a mussel
farm on water transparency in the Kiel Fjord. Ocean Coast Manag 101:
42–52. https://doi.org/10.1016/j.ocecoaman.2014.04.034
Setälä O, Magnusson K, Lehtiniemi M, Norén F (2016) Distribution and
abundance of surface water microlitter in the Baltic Sea: a compar-
ison of two sampling methods. Mar Pollut Bull 110:177–183.
https://doi.org/10.1016/j.marpolbul.2016.06.065
Shim WJ, Song YK, Hong SH, Jang M (2016) Identification and quan-
tification of microplastics using Nile Red staining. Mar Pollut Bull
113:469–476. https://doi.org/10.1016/j.marpolbul.2016.10.049
Stolte A, Forster S, Gerdts G, Schubert H (2015) Microplastic concentra-
tions in beach sediments along the German Baltic coast. Mar Pollut
Bull 99:216–229. https://doi.org/10.1016/j.marpolbul.2015.07.022
Talvite J, Heinonen M, Pääkkönen JP, Vahtera E, Mikola A, Setälä O,
Vahala R (2015) Do wastewater treatment plants act as a potential
point source of microplastics? Preliminary study in the coastal Gulf
of Finland, Baltic Sea. Water Sci Technol 72:1495–1504. https://
doi.org/10.2166/wst.2015.360
Tamminga M, Hengstmann E, Fischer EK (2017) Nile red staining as a
subsidiarymethod formicroplastic quantification: a comparison of three
solvents and factors influencing application reliability. J Earth Sci
Environ Stud 2:165–172. https://doi.org/10.1007/s10661-019-7786-4
Tamminga M, Hengstmann E, Fischer EK (2018) Microplastic analysis
in the South Funen Archipelago, Baltic Sea, implementing manta
trawling and bulk sampling. Mar Pollut Bull 128:601–608. https://
doi.org/10.1016/j.marpolbul.2018.01.066
Thompson RC (2015) Microplastics in the marine environment: sources,
consequences and solutions. In: Bergmann M, Gutow L, Klages M
(eds) Marine anthropogenic litter. Springer, Cham, pp 185–200
Urban-Malinga B, Zalewski M, Jakubowska A, Wodzinowski T,
Malinga M, Pałys B, Dąbrowska A (2020) Microplastics on sandy
beaches of the southern Baltic Sea. Mar Pollut Bull 155:111170.
https://doi.org/10.1016/j.marpolbul.2020.111170
Van Cauwenberghe L, Claessens M, Vandegehuchte MB, Mees J,
Janssen CR (2013) Assessment of marine debris on the Belgian
continental shelf. Mar Pollut Bull 73:161–169. https://doi.org/10.
1016/j.marpolbul.2013.05.026
Wentworth CK (1922) A scale of grade and class terms for clastic sedi-
ments. J Geol 30:377–392
Wesch C, Bredimus K, Paulus M, Klein R (2016) Towards the suitable mon-
itoring of ingestion of microplastics by marine biota: a review. Environ
Pollut 218:1200–1208. https://doi.org/10.1016/j.envpol.2016.08.076
Worm B, Lotze HK, Jubinville I, Wilcox C, Jambeck J (2017) Plastic as a
persistent marine pollutant. Annu Rev Environ Resour 42:1–26.
https://doi.org/10.1146/annurev-environ-102016-060700
WSV-Wasserstraßen- und Schifffahrtsverwaltung des Bundes (2018).
Pegel Kiel-Holtenau. URL: http://www.pegelonline.wsv.de/gast/
stammdaten?pegelnr=9610066 (Accessed 12 August 2018)
Zobkov M, Esiukova E (2017) Microplastics in Baltic bottom sediments:
quantification procedures and first results. Mar Pollut Bull 114:724–
732. https://doi.org/10.1016/j.marpolbul.2016.10.060
ZobkovMB, Esiukova EE, Zyubin AY, Samusev IG (2019)Microplastic
content variation in water column: the observations employing a
novel sampling tool in stratified Baltic Sea. Mar Pollut Bull 138:
193–205. https://doi.org/10.1016/j.marpolbul.2018.11.047
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
26528 Environ Sci Pollut Res (2021) 28:26515–26528
